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Abstract. During thunderstorm conditions the radio footprint (intensity as well as polar-
ization) of cosmic ray showers deviates strongly from those measured during fair weather.
We have been able to interpret this pattern in terms of atmospheric electric fields. We see
that even when there is no thunderstorm activity within 100 km distance within an hour
of the event, the radio footprint may be strongly affected.
In recent years major advances have been made in understanding radio emission from extensive
air-showers, resulting in microscopic models such as CoREAS [1] and ZHAireS [2] and macroscopic
models such as MGMR [3, 4] and EVA [5]. The data agree with the predictions of these models in
– for example – total radiated energy [6] and the circular polarization [7]. The models can in turn
be used to extract from the measured footprint the Xmax of the shower [8, 9] which in turn is used
to determine the composition of cosmic rays. To our initial surprise we also observed at LOFAR
radio footprints that were completely inconsistent with model expectations [10]. These were found
to be correlated with thunderstorm activity which is a clear indication that this is due to the effects of
atmospheric electric fields. The supplementary material contains a somewhat extended version of this
contribution.
Since the effects of these atmospheric electric fields is large it should be possible to use the foot-
print to extract some of the main properties of these field. This possibility was explored in [10–12].
In total we have gathered 11 of these “thunderstorm" events till August 2014 that obey certain
quality conditions [13] such that they can be analyzed to extract the atmospheric fields. The results
for three of these events are shown that have been measured within a time span of half an hour.
Since this is rather short one can investigate to use these for a tomographic study of electric fields in
clouds [13].
In these proceedings we limit ourselves to a qualitative discussion of the three events measured on
December 14, 2011. A full discussion of all analyzed events is given in Ref. [13].
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Figure 1. The Stokes parameters for event #1 (red points) are compared to the results of a CoREAS calculation
(blue points) where the parameters of the electric field have been determined from a fit using MGMR3D.
The complete footprint of the first thunderstorm event is shown in Fig. 1 where it is compared to
the results for an electric field configuration. The structure of the Stokes parameters is greatly different
from that for fair-weather showers; The intensity shows a ring-like structure which is an indication
of fields that point in opposite directions; At large distances Q/I tends to zero while U/I tends to -1
implying a linear polarization at 45◦ to the v × B direction; Near the core V/I  −1 rapidly changing to
V/I  +1 at 100 m which implies fields that are at an angle of 90◦. With such a complicated structure
it is impressive to see that the main features of the data are reproduced this well. It is worthwhile to
note that the footprints for events #2 and #3 differ considerably, event #2 has a clear ring structure in
intensity but polarization parameters that are similar to that of a fair-weather event while the intensity
for #3 is peaked near the shower axis, shows little circular polarization and has U/I  −1.
The fit is performed for three different values, Xmax = 526, 634, and 743 g/cm2. In spite of the
large differences in Xmax the results agree rather well indicating that the fit procedure is stable.
Remarkable is that during the day when the three events were detected there was no lightning
activity detected within 100 km from the LOFAR core. It appears that at the time of the events there
was a large cloud overhead. Radar reflection is an indication of the size and density of droplets and
ice particles in the cloud. Lightning activity appears to be linked with radar reflection and lightning
can be expected when radar reflection exceeds 40 dBZ (yellow on the present scale). The clouds are
thus not yet at the scale of active thunderclouds.
To determine the component of the electric field that is parallel to the shower direction (E‖, which
LOFAR is not sensitive to) we have to apply tomography. For this we need a few event within a
small time span where the basic assumption is that the two events pass through the same electric field
configuration.
The procedure is intrinsically more accurate if the two events tend to be almost perpendicular, for
which reason we apply this to events #1 and #3 for which two events the footprint was determined
with good accuracy. The results are displayed in Table 1 from which it is clear that tomography cannot
be applied to the middle layers. Clearly too much has changed there. The error bars give the range of
extracted values for event i = 1 or i = 3.
We have shown that the radio footprints of extensive air showers can be used to routinely extract
the atmospheric electric fields that are perpendicular to the shower axis. When there are a few events in
a short (h˜alf hour) time span a tomographic method can be used to get the full structure. Probably due
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Layer E1 · (ev1×v3 ) E3 · (ev1×v3 ) EEast ENorth EUp
top (1) 3.0 22.6 -3.5±5.2 -12.0±8.3 -19.7±0.4
middle (2) -89 +45 -57.±36. 61.±57 -3.±3.
bottom (3) 4.7 5.6 4.8±.3 -6.4±.4 -56.9±.1
Table 1. Checking the consistency of the electric fields and the total field for the different layers
using tomography for events #1 and #3. The quoted values are in [kV/m].
to the fact that the shower currents are generally strongly enhanced during thunderstorm conditions
there appears to be a sizable chance to detect multiple showers in such a short period.
We also observe that “thunderstorm conditions” do not necessarily imply that there is an active
thunderstorm in the vicinity. Also for clouds with a large radar reflectivity we observe that the electric
fields are strong enough to give rise to a footprint that is completely different from that under fair
weather circumstances. It opens however the question as to what are the effects on the radio emission
of less dense clouds that carry weaker electric fields.
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